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The vertebrate embryo experiences very rapid growth following fertilization. This necessitates the establishment of blood circulation,
which is initiated during the early somite stages of development when the embryo begins to exhibit three-dimensional tissue organization.
Accordingly, the contractile heart is the first functional organ that develops in both the bird and mammalian embryo. The vertebrate heart is
quickly assembled as a simple two-layer tube consisting of an outer myocardium and inner endocardium. During embryogenesis, the heart
undergoes substantial growth and remodeling to meet the increased circulatory requirements of an adult organism. Until recently, it was
thought that all the cells that comprise the muscle of the mature heart could trace their roots back to two bilaterally distributed mesodermal
fields within the early gastrula. It is now known that the cellular components that give rise to the myocardium have multiple ancestries and
that de novo addition of cardiac myocytes to the developing heart occurs at various points during embryogenesis. In this article, we review
what is presently known about the source of the cells that contribute to the myocardium and explore reasons why multiple myocardial cell
sources exist.
D 2004 Elsevier Inc. All rights reserved.
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Because an efficient blood circulation is vital for the
growth and survival of the avian and mammalian embryo, the
formation of a contractile heart occurs very early during
development. Much of the research focus of cardiac devel-
opmental biology has been on identifying the molecular
signals that direct the formation of the vertebrate heart. In the
past few years, the cell biology of vertebrate cardiogenesis
has also received great scrutiny. For a long time, the de-
velopment of the heart was portrayed as a static narrative,
because cells comprising the myocardium were thought to
originate solely from paired mesodermal fields that were
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markwald@musc.edu (R.R. Markwald).substantial growth of the myocardium was believed to
involve only the expansion of this preexisting pool of car-
diomyocytes. In contrast, the saga of the developing myo-
cardium that has recently been revealed is more dynamic.
Although the myocardium emerges from the paired heart-
forming fields of the early mesoderm, only a portion of the
contractile muscle in the mature heart is descended from the
primordial myocardial tissue. Following the fusion of the
precardiac mesoderm, the cardiac muscle takes on new
members by absorption of cells that either reside in
neighboring nonmuscle tissue or come into contact with the
myocardium by entering the heart upon migration or possibly
via the circulation. Whether molecular signals that regulate
myocardial cell fate are similar for each episode of myo-
cardiogenesis is presently unclear. However, in this review,
we will focus on the purely cell biological issues in
cardiogenesis, as many excellent articles have provided an
overview of the molecular biology of vertebrate heart for-
mation (Brand, 2003; Harvey, 2002; Linask, 2003; Small and
Krieg, 2004). The purpose here is to identify various cellular274 (2004) 225–232
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dium and examine the reasons why the embryo utilizes
multiple cellular sources for forming the cardiac muscle.The primary heart-forming fields
The principal source of myocardial progenitors is found
in paired fields of mesoderm in the early embryo, which are
called the precardiac mesoderm, heart-forming fields, or the
primary heart fields (Fig. 1A). In the chick, the origins of
these cells have been traced back to the beginning of
gastrulation—at Hamburger–Hamilton (HH) (Hamburger
and Hamilton, 1951) stage 3—within the rostral portion of
the primitive streak (Garcia-Martinez and Schoenwolf,
1993). During HH stages 4 and 5, these myocardial
progenitors spread anteriorly and outward from the streak
to give rise to bilaterally distributed heart-forming fields
within the mesodermal layer (Redkar et al., 2001; Stalsberg
and DeHaan, 1969). Cells fated to become myocardium
reside within the rostral half of the chick embryo, with the
anterior border of the HH stage 5 heart-forming fields
extending just above Hensen’s node and the posterior border
extending one-fourth of the distance down the primitive
streak (Eisenberg, 2002; Redkar et al., 2001; Stalsberg and
DeHaan, 1969).
The precise location of the precardiac mesoderm at this
early stage was, for a few years at least, a matter of dispute.
The position of the primary heart fields at HH stage 5 was
determined almost 35 years ago by the fate mapping studies
of Stalsberg and DeHaan (1969). However, with the advent
of the molecular characterization of the early heart, there
was an initial enthusiasm for the Nkx2.5 gene being the
factor that predetermines cardiac fate (Ehrman and Yutzey,
1999; Schultheiss and Lassar, 1999). Yet, at HH stage 5, the
Nkx2.5 expression domain extends to the far anterior borderFig. 1. Diagrams depict defined sources of new myocardial tissue within the devel
the position of the precardiac mesoderm, which comprises the primary heart fields
pharyngeal mesoderm-derived anterior heart field (red), which gives rise to the my
later stages of heart development. Sectioned HH stage 30 heart showing the m
myocardium (blue arrows) or recruitment of intracardiac mesenchyme to the myo
studies of Mjaatvedt et al. (2001), Stalsberg and DeHaan (1969), and van den Hof the chick embryo (Schultheiss et al., 1995), which is
beyond the expanse of the mesoderm (Eisenberg, 2002;
Patten, 1951). Although suggestions were made that the
heart-forming fields may better coincide with the Nkx2.5
domain than with experimentally determined fate maps
(Ehrman and Yutzey, 1999; Yutzey and Kirby, 2002), recent
experiments have confirmed the Stalsberg and DeHaan data
and demonstrated that within a HH stage 5 embryo the
precardiac mesoderm resides in a location caudal to the
Nkx2.5 domain (Redkar et al., 2001).
In subsequent stages, the lateral mesoderm separates into
distinct somatic and splanchnic layers (HH stages 6–7), with
precardiac cells sorting to the splanchnic mesoderm
(DeHaan, 1963, 1965; Linask, 1992). Thereafter, migration
of the heart-forming mesoderm toward the ventral midline
allows for the fusion of the bilateral cardiogenic fields,
thereby generating the primary heart tube (DeHaan, 1965;
Eisenberg and Eisenberg, 2002). In synergy with these
morphological events, cells within these heart fields begin to
display a myocardial phenotype, as multiple contractile
proteins are exhibited in a prestriated pattern by the
cardiogenic cells (Bisaha and Bader, 1991; Colas et al.,
2000; de Jong et al., 1990; Han et al., 1992; Ruzicka and
Schwartz, 1988; Tokuyasu and Maher, 1987a,b). By the 10
somite stage (HH stage 10), both striated muscle and beating
are observed in the primitive heart (DeHaan, 1965; Patten
and Kramer, 1933). Studies in the mouse, frog, and
zebrafish embryo have shown that the early events in heart
development are essentially the same as described for the
embryonic chick (de Ruiter et al., 1992; Keller, 1976; Lohr
and Yost, 2000; Sater and Jacobson, 1989; Stainier et al.,
1993). For example, during early gastrulation in the frog,
myocardial progenitors localize to paired regions of
mesoderm that flank Spemann’s organizer (Sater and
Jacobson, 1989, 1990), which is the embryonic structure
homologous to Hensen’s node. Thus, the location of theoping chick heart. (A) A dorsal view of a HH stage 5 embryo that illustrates
(red). (B) Rostral half of HH stage 16 embryo showing the location of the
ocardial wall of the outflow tract. (C) Example of myocardialization during
yocardialization of the outflow septum, either by outgrowth of existing
cardial lineage (red). Schematic diagrams in panels A–C are based on the
off et al. (1999).
L.M. Eisenberg, R.R. Markwald / Developmental Biology 274 (2004) 225–232 227primary heart fields appears to be highly conserved among
vertebrate species.The anterior heart field
Although by HH stage 10 the chick heart has become a
functional contractile organ, the process of heart field fusion
is still ongoing. At this stage in development, the tubular
portion of the heart consists principally of primitive
ventricular segments. Precursor tissues that will give rise to
the primitive atrioventricular canal and atrial segments are to
be found within the trailing posterior ends of the still
bilaterally separated heart-forming fields. The integration of
these latter regions into the tubular heart will be essentially
complete by HH stage 12 (de la Cruz and Markwald, 1998).
However, a major region of the embryonic heart is absent
from this scenario of progressive incorporation from the
posterior end of the primitive heart. This is the outflow tract,
whose origin is from mesodermal tissue that resides anterior
to the newly formed primitive heart (Fig. 1B).
The conotruncus of the cardiac outflow tract is
distinguished from the contiguous aortic sac region by
the muscular construction of its outer wall (Pexieder,
1995). Yet, this cardiac muscle component does not arise
from the primary heart field, which until recently was
thought to provide the entirety of the myocardial progeny
for the mature heart. Instead, the conotruncal myocardium
arises from mesoderm cells that reside beyond the arterial
pole of the tubular heart (Kelly and Buckingham, 2002;
Mjaatvedt et al., 2001; Waldo et al., 2001). Nonetheless,
the formation of the outflow tract does proceed coactively
with the development of the primary heart tube. Between
HH stages 11 and 22 in the chick, mesodermal tissue
adjacent to the anterior end of the primitive ventricle
both becomes incorporated into the developing heart and
undergoes myocardial differentiation. The mesodermal
region that gives rise to the conotruncus is variously
called the anterior heart field or secondary heart field.
Although the distinct origin of the conotruncal myocar-
dium is now well established, the exact location of the
anterior heart field has elicited debate. In vivo marking
experiments with either lacZ-expressing adenovirus or
with fluorescent dye have indicated that the anterior heart
field in the chick consists of mesoderm located anterior
to the distal outlet that surrounds the aortic sac and
extends into each of the pharyngeal arches (Mjaatvedt et
al., 2001). In contrast, a contemporaneous study sug-
gested that the preconotruncal mesoderm comprises a
smaller region adjacent to the ventral pharynx (Waldo et
al., 2001). However, supporting data for a broader
anterior heart field were provided by studies in the
mouse using a lacZ enhancer trap transgene that maps to
the endogenous FGF10 gene and displays high-level
expression in the outflow tract. At earlier stages of
development, before the formation of the distal outflowtract, the lacZ transgene demonstrates expression extend-
ing from the arterial pole of the developing heart into
pharyngeal arches 1 through 6 (Kelly et al., 2001).
Further corroborative evidence that a broad region of
pharyngeal mesoderm contributes to the formation of the
outflow tract comes from data investigating the embry-
onic distribution of the LIM homeodomain transcription
factor Islet-1. During the early stages of both mouse and
chick development, Islet-1 RNA expression is most
conspicuous within the primary heart fields, the tubular
heart, and throughout the pharyngeal mesoderm (Cai et
al., 2003; Yuan and Schoenwolf, 2000). The expression
pattern of Islet-1 suggests that this molecule may serve as
a useful marker of early cardiac tissue. Thus, it appears
that the outflow tract contains cellular constituents
recruited from a broad area within the pharyngeal
mesoderm. The transformation of the anterior heart field
into the final segment of the primitive heart tube
completes the initial phase of heart development. Yet,
this does not end the process of cell recruitment to a
continual growing myocardium.Myocardialization and recruitment
When the outflow tract segment becomes adjoined to the
primitive ventricle, the heart is still a relatively simple
structure consisting of an outer myocardial layer surround-
ing an inner endocardial tube. Although the pulsating action
of the primary heart tube is sufficient for circulating the
blood of the early embryo, the heart will require substantial
growth and remodeling to meet the circulatory needs of an
ever-growing embryo and adult. The acquisition of greater
structural complexity, as the heart undergoes the transition
from a simple tubular pump into a multi-chambered
structure, represents the next phase of heart development.
While it is well known that several nonmyocardial tissues
integrate into the heart during this period—for example,
cells of epicardial and neural crest origin (Hutson and Kirby,
2003; Wessels and Pe´rez-Pomares, 2004)—it is less
appreciated that at the same stages the myocardium extends
its reach into new areas of the heart (Lamers and Moorman,
2002; Wessels and Sedmera, 2003).
The process of forming a multi-chambered heart from a
simple tube involves several key remodeling events. The
primary heart tube first undergoes looping, which juxtaposes
the anterior outlet and posterior inlet ends of the heart. Within
a now curved tube, the primitive segments begin to reposition
to allow the future chambers of the mature heart to be
properly aligned (Moorman et al., 2003). At the same time,
developing cardiac segments become subdivided by septa
that are initially mesenchymal in composition (Anderson et
al., 2003). By later stages in development, the mesenchymal
septa become highly muscularized (Kruithof et al., 2003b;
van den Hoff et al., 1999, 2001). In addition, at the venous
pole of the heart, the mesenchymal perimeter of the caval and
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(Kruithof et al., 2003a,b). Several studies in avian and
mammalian species have indicated that the muscularization
of these cardiac regions involves both the growth and
expansion of preexisting myocardium, as well as the recruit-
ment of new cardiomyocytes from extracardiac and intra-
cardiac mesenchyme adjacent to the expanding myocardium
(Kruithof et al., 2003b; van den Hoff et al., 1999, 2001) (Fig.
1C). These two distinct mechanisms of cardiac musculariza-
tion have been dubbed dmyocardializationT and drecruitmentT
(van den Hoff et al., 1999, 2001). It is perhaps unfortunate
that the highly evocative term dmyocardializationT has
provided a limited definition referring solely to a specific
mechanism of cardiac muscularization. Because the term
dmyocardialT corresponds to cardiac muscle, and the expres-
sion dmuscularizationT pertains broadly to the acquisition of a
muscle phenotype by tissues, a broader definition of
dmyocardializationT referring to cardiac muscularization in
general would seem to be more appropriate and less
confusing. Regardless of this minor concern, the uncovering
of the myocardialization–recruitment story has demonstrated
the continually dynamic nature of the embryonic myocar-
dium, as cells are added to the myocardium throughout its
development by the recruitment of adjacent nonmuscle cells.Recruitment of circulating cells into the myocardium
A topic that has elicited considerable debate is whether
the recruitment of extracardiac stem cells plays a role in
replenishing the adult myocardium (Anversa et al., 2003;
Eisenberg and Eisenberg, 2004; Laflamme et al., 2002;
Murry et al., 2004; Taylor et al., 2002). Although adult
biology might be thought to have little significance to
embryology, there are findings from adult stem cell research
that may provide important insights into the development of
the vertebrate heart. Of particular relevance have been
studies showing that various tissue-derived stem cells will
integrate into the myocardium and exhibit a myocyte
phenotype when inserted directly into the adult heart
(Malouf et al., 2001; Orlic et al., 2001; Toma et al., 2002;
Tomita et al., 1999; Wang et al., 2000). For example, it has
been reported that the injection of bone marrow-derived
hematopoietic stem cells (HSCs) into the hearts of adult
mice suffering from induced myocardial infarctions repaired
the damaged myocardium and restored cardiac function
(Orlic et al., 2001). While the ability of HSCs to generate
new myocardium in the adult heart has remained contro-
versial (Anversa et al., 2003; Eisenberg and Eisenberg,
2004; Murry et al., 2004), HSCs have been shown to exhibit
the capacity to undergo myocardial differentiation in vitro,
both in direct response to growth factor stimulation and by
incorporation into co-cultured myocardium (Eisenberg et
al., 2003).
Evidence has also been presented that HSCs may be a
normal source of newly generated myocytes in the adultheart by virtue of their exposure to myocardial tissue during
circulation. Labeled HSCs introduced into the circulation of
adult mice will exhibit a myocyte phenotype upon their
integration into the myocardium, although the overall
numbers of HSC-derived cardiac myocytes reported in that
study were relatively low (Jackson et al., 2001). Much
higher rates of myocardial cell recruitment were observed in
cardiac biopsies obtained from human female patients who
had undergone a sex-mismatched bone marrow transplanta-
tion. From a total of 80,000 cardiac myocytes examined
from four patients, greater than one in 500 cells were Y-
chromosome positive, indicating that the myocardial cells
were of bone marrow origin (Deb et al., 2003).
These studies described above indicate that circulating
cells may provide a regenerative cell source for the adult
myocardium. These data also suggest the intriguing
possibility that circulating progenitor cells may contribute
to the development of the embryonic myocardium (Fig. 2A).
Because the diversification of cell phenotype is a more
dynamic process within the developing embryo than within
the adult, it may be predicted that circulating cells would
incorporate more readily into embryonic tissues. We began
to investigate this possibility by examining whether labeled
cells introduced into the embryonic circulation would
incorporate into the heart and undergo myocardial differ-
entiation. Initial experiments employed the multipotential
mesoderm-derived cell line QCE6 (Brandon et al., 2000;
Eisenberg and Markwald, 1997), which were labeled and
injected into the yolk sac vessel leading to the sinus venosus
of embryonic day (ED) 9 whole mouse embryos (Eisenberg
et al., 2004). After allowing the embryos to develop for 24 h
ex ovo, individual labeled cells were detected that integrated
into the myocardium and expressed cardiac proteins. These
data indicate that at least small numbers of circulating cells
may be recruited to the developing myocardium. Future
experiments using labeled HSCs should help determine the
extent and importance of this cellular contribution to the
development of the heart.Neural crest contribution to the myocardium
The neural crest refers to a cellular population contained
within the leading edge of the neural folds that, after neural
tube closure, migrates to various tissues in the developing
vertebrate embryo. Depending on their precise destination
within the embryo, neural crest cells will generate neurons,
glia, pigment cells, chondrocytes, and smooth muscle cells
(Gammill and Bronner-Fraser, 2003; Graham, 2003; Le
Douarin and Dupin, 2003). In avian and mammalian
embryos, neural crest cells play a crucial role in the
maturation of the heart, as they contribute smooth muscle
cells for the developing aortic arch arteries and participate in
formation of the outflow septum (Creazzo et al., 1998;
Hutson and Kirby, 2003; Sieber-Blum, 2004). When cells of
the cardiac neural crest are ablated or their migration is
Fig. 2. Cardiac potential of migratory cell populations. (A) Illustration of a tubular heart stage chick embryo showing a simplified view of the embryonic
circulation. Based on data in the adult mouse and human (Anversa et al., 2003; Deb et al., 2003; Jackson et al., 2001), and an initial study in the embryonic
chick (Eisenberg et al., 2004), it is hypothesized that circulating progenitors may contribute cells (red) to the developing myocardium. (B) Depiction of the
zebrafish neural tube displaying the migration of neural crest cells, which in this vertebrate species provides a substantial cellular contribution to the
myocardium. Labeling studies in the zebrafish have shown that the outflow tract (bulbus arteriosus; BA), ventricle (V), atrium (A), and inflow region (sinus
venosus; SA) contain substantial numbers of neural crest derived cells (Li et al., 2003; Sato and Yost, 2003). Although the neural crest does not appear to
provide cellular material to the myocardium of higher vertebrates, this lack of a myocardial contribution by neural crest in birds and mammals may not be due
to the absence of myocardial cell potential, but may instead reflect differences in the migration patterns of neural crest cells among different species.
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subdivide properly. Accordingly, a major consequence of
interrupting neural crest interactions with the developing
heart is the failure to separate the aorta and pulmonary
arteries, resulting in persistent truncus arteriosis (Creazzo et
al., 1998; Hutson and Kirby, 2003). Yet, despite the great
importance of the neural crest in cardiac development, no
evidence has been presented that neural crest cells serve as
progenitor cells for myocytes in either the bird or mammalian
heart. Thus, recent reports from two independent investiga-
tions that neural crest provides a substantial cellular
contribution to the zebrafish myocardium were completely
unexpected (Li et al., 2003; Sato and Yost, 2003). Among late
stage zebrafish embryos, the percentage of cardiomyocytes of
neural crest origin ranged from 13.9% to 30.4%, depending
on the specific region of the heart that was examined. In
addition, fate maps generated in these studies indicated that
the neural crest region participating in the development of the
heart is more expansive in the zebrafish than it is for the bird
and mammal (Fig. 2B).
One rationale given for examining cardiac neural crest in
the zebrafish was that the outflow tract of this species is not
septated. Because the separation of the pulmonary and
aortic circulatory systems in higher vertebrates is dependent
on a neural crest-mediated subdivision of the outflow tract,
it was hypothesized that the neural crest may have a
significantly lesser impact on heart development in zebra-
fish. Thus, the demonstration that the cardiac neural crest
provides an even greater, but distinct cellular contribution in
the zebrafish heart, may at first blush seem paradoxical.
However, these findings need to be understood in the
context of recent observations on stem cell plasticity. While
neural crest cells as a whole are known to give rise to a
diverse range of differentiated cell phenotypes, it has been
debated whether this cellular population is comprised ofmultiple lineage-restricted precursors or individual multi-
potent progenitor cells (Anderson, 1997; Le Douarin and
Dupin, 2003). Before the recent studies in zebrafish, it was
not suspected that neural crest possessed myocardial
potential. Although it is possible that zebrafish possess a
distinct population of myocardial-competent neural crest
cells not found in higher vertebrates, a more likely
explanation is that the potential to form cardiac myocytes
is always an attribute of neural crest cells regardless of
whether this potential is ever realized in the animal. Similar
to what has been shown in stem cell studies in the adult
heart (Eisenberg and Eisenberg, 2004), the fate of zebrafish
neural crest to form cardiomyocytes may be related to their
subsequent association with the myocardium. Accordingly,
the cardiac neural crest in higher vertebrates will not
provide myocardial progenitors, as their distribution upon
entering the heart is limited to the outflow tract cushions. In
contrast, neural crest cells in the zebrafish migrate deeper
into the developing heart and become exposed to cardiac
muscle (Li et al., 2003; Sato and Yost, 2003). Thus, the key
to understanding the distinct neural crest contributions to
heart development between zebrafish and higher vertebrates
relates to the mechanisms that determine their migration
patterns among species. While that particular topic is
beyond the scope of this essay, the zebrafish neural crest
story lends credence to the importance of cell plasticity for
examining the mechanisms that allow various cell popula-
tions to contribute to the formation of the mature heart and
embryonic development in general.Cell plasticity and the formation of the myocardium
As outlined above, a recurring theme in the development
of myocardium is the recruitment of neighboring cells as
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mesodermal regions at the ventral midline to form a
contractile heart, cell recruitment contributes substantially
to the subsequent growth and remodeling of the myocar-
dium. As to why multiple myocardial cell sources exist, one
part of the answer would elicit little debate. The myocar-
dium is an intricately arranged tissue that embraces diverse
regions of the heart. It is also the principal tissue of an organ
whose composition is second only to the brain in its
complexity. Considering the extensive remodeling that
occurs during the maturation of the heart, the construction
of the myocardium in its entirety from the growth of an
individual tissue primordium would appear to be a very
difficult enterprise developmentally.
The phenomenon of cell phenotypic plasticity may also
be important in understanding more fully why there are a
multiplicity of myocardial progenitor populations. Over the
past several years, various tissue-derived stem cell popula-
tions of the adult have been shown to exhibit a high degree
of phenotypic plasticity (Eisenberg and Eisenberg, 2003;
Graf, 2002; Poulsom et al., 2002). Of possible relevance to
the formation of the embryonic heart is the observation from
adult heart research that extracardiac stem cells can differ-
entiate into cardiac myocytes upon exposure to the adult
myocardium, either by direct injection or via the circulation
(Anversa et al., 2003; Deb et al., 2003; Jackson et al., 2001;
Orlic et al., 2001). Moreover, bone marrow-derived cells
also demonstrated myocardial potential when exposed to
embryonic myocardium (Eisenberg et al., 2003). Thus, it
appears that association with the myocardial environment
provokes the myocardial differentiation of putative non-
cardiac progenitors, regardless of the presumptive lineage
history of the cells. Accordingly, the recruitment of new
cells to the developing myocardium does not necessarily
require progenitors that are uniquely specified to form
cardiac muscle. Instead, the major requirement met by the
pharyngeal mesoderm, septal mesenchyme, venous pole
mesenchyme, zebrafish neural crest, and possibly circulat-
ing blood cells for assuming a myocardial phenotype is their
proximity to a developing myocardium. Following the
fusion of the primary heart fields, presumptive inductive
signals within the myocardium would allow adjacent or
migratory cells to assume a myocardial cell fate and
contribute to the further development of the heart. A major
question in cardiac developmental biology is whether the
molecular signals that elicit the myocardial phenotype from
these later waves of myocardial progenitors are similar to
those promoting the initial formation of the myocardium
from primary heart fields.Acknowledgments
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